We have sequenced the breakpoint regions in one acute myeloid leukemia (AML) with t(16;21)(p11;q22) resulting in the formation of a FUS/ERG hybrid gene and in four myxoid liposarcomas (MLS), three of which had the translocation t(12;16) (q13;p11) and a FUS/CHOP fusion gene and one with t(12;22;20)(q13;q12;q11) and an EWS/CHOP hybrid gene. The breakpoints were localized to intron 7 of FUS, intron 1 of CHOP, an intronic sequence of ERG and intron 7 of EWS. In two MLS cases with t(12;16) and in the AML, the breaks in intron 7 of FUS had occurred close to each other, a few nucleotides downstream from a TG dinucleotide repeat region. The break in the two MLS had occurred in the same ATGGTG hexamer and in the AML 40 nucleotides upstream from the hexamer. The third case of t(12;16) MLS had a break upstream and near a TCdinucleotide repeat region and a sequence similar to the chi bacterial recombination element was found tō ank the breakpoint. In the MLS with the EWS/ CHOP hybrid gene, the break in intron 7 of EWS had occurred close to an Alu sequence. Similarly, in all 4 MLS, the breaks in intron 1 of CHOP were near an Alu sequence. No Alu or other repetitive sequences were found 250 bp upstream or downstream from the break in the ERG intron involved in the AML case. In the AML, the MLS with ESW/CHOP and in one MLS with FUS/CHOP there were one, two and six, respectively, nucleotide identity between the contributing germline sequences in the breakpoint. In the other two MLS cases, two and three extra nucleotides of unknown origin were inserted between the FUS and CHOP sequences. At the junction and/or in its close vicinity, identical oligomers, frequently containing a trinucleotide TGG, were found in both partner genes. Our data thus show that all four genes-FUS, EWS, CHOP and ERG-contain characteristic motifs in the breakpoint regions which may serve as speci®c recognition sites for DNA-binding proteins and have functional importance in the recombination events taking place between the chromosomes. Dierent sequence motifs may, however, play a role in each individual case.
Introduction
The FUS gene, which maps to 16p11 and encodes a nuclear RNA binding protein, is fused to the CHOP gene in the t(12;16) (q13;p11) that characterizes myxoid liposarcomas (MLS) and to the ERG gene in acute myeloid leukemia (AML) with t(16;21)(p11;q22) (Crozat et al., 1993; Ichikawa et al., 1994; Panagopoulos et al., 1994b; Rabbitts et al., 1993; Shimizu et al., 1993; A Ê man et al., 1992) . In both translocations, the central and C-terminal part of FUS are replaced by either the full length CHOP protein (MLS; Crozat et al., 1993; Rabbitts et al., 1993) or the ETS-binding domain and the C-terminal part of ERG (Ichikawa et al., 1994; Panagopoulos et al., 1994b; Shimizu et al., 1993) . In a previous study we identi®ed the genomic region of FUS encompassing the breakpoints in MLS with t(12;16) and in AML with t(16;21) (Panagopoulos et al., 1995) . This is a narrow region of about 3.9 kb containing four exons in the central part of the FUS gene. The breakpoints clustered to two zones; zone 1, a 1.2 kb DNA fragment in intron 7, and zone 2, which is largely equivalent to intron 5. The fact that the FUS breakpoints in MLS and AML mapped to the same intron may indicate that similar mechanisms are responsible for the origin of FUS rearrangements in the two neoplasias. CHOP is rearranged also in MLS with translocations involving chromosomes 12 and 22, leading to juxtaposition of bands 12q13 and 22q12, fusion of CHOP and EWS and formation of an EWS/ CHOP hybrid protein (Panagopoulos et al., 1996) .
In the present study, we have sequenced the breakpoints in 3 MLS with t(12;16), one MLS with t(12;22;20) and one AML with t(16;21).
Results
Nested-PCR on DNA from a healthy individual with two CHOP forward and two reverse primers (Table 1) ampli®ed a 2758 bp fragment (Table 2 ). To verify whether or not the PCR product represented intron 1 of the CHOP gene, the fragment was puri®ed and analysed by direct cycling sequencing using the inner primers CHOP53F and CHOP105R and the sequence was compared with the known CHOP sequence (Park et al., 1992) . Using CHOP53F as primer, the last 17 bases of exon 1 as well as the ®rst 10 bases of introl 1 (with only one base substitution compared to the known CHOP sequence) were identi®ed. Cycling sequencing with CHOP105R as primer identi®ed the last 10 bases of intron 1 and the ®rst 20 bases of exon 2. Sequence analysis of the entire PCR fragment revealed that the ®rst intron of CHOP was 2669 bp with 50% A+T composition (A: 717; T: 613) and contained two Alu repeat sequences, one of the Sx-type and one of the Sc-type (Figure 1 ). There was, however, a discrepancy between the present and the previously published data (Park et al., 1992) as regards the size of intron 1. In our material, CHOP intron 1 was 2669 bp, whereas it was previously estimated to be approximately 1500 bp. Therefore, PCR was performed on genomic DNA from 30 healthy individuals. In all cases, a 2758 bp fragment was ampli®ed using the primers CHOP53F and CHOP105R suggesting that the size of intron 1 is 2669 bp.
PCR on genomic DNA from lFUS18 with two FUS forward (TLS737F and TLS916F) and two reverse (TLS918R and TLS844R) primers ampli®ed a 1538 bp DNA fragment containing intron 7 of FUS ( Table 2 ). The nucleotide sequence of the fragment is presented in Figure 2 . Intron 7 is 1490 bp with 56.5% A+T composition (A: 382, T: 460). It contained TG-and TC-dinucleotide repeat regions, a 26 bp sequence which is duplicated and, close to the 3' end, an 87 bp T-rich region (63% T). No Alu sequences were found. A database search showed that intron 7 of FUS does not have any homology with other known sequences.
FUS/CHOP, EWS/CHOP and FUS/ERG genomic fragments were PCR ampli®ed using FUS or EWS forward primers and CHOP or ERG reverse primers ( Table 2 ). The fragments were sequenced and the breakpoints were determined aligning the sequences with those of intron 7 of FUS, intron 1 of CHOP, intronic sequences of ERG around the breakpoint and the published sequence of intron 7 of EWS (Bhagirath et al., 1995) .
In MLS cases 1955 ± 91 and 2010 ± 90 and in the AML the breaks in intron 7 of FUS had occurred close to each other and near a TG dinucleotide repeat region while in MLS case 402 ± 91 the break was upstream and close to a TC-dinucleotide repeat region ( Figure   2 ). In case L1686 with an ESW/CHOP hybrid gene, the break in intron 7 of EWS had occurred downstream to an Alu sequence.
In all four MLS, the breaks had occurred within or near an Alu sequence in intron 1 of CHOP (Figure 1 ). The break was in the ®rst nucleotides of the Sx Alu sequence in case 1955 ± 91, approximately 100 and 415 bp upstream of the Sx Alu sequence in cases 2010 ± 90 and 402 ± 91, respectively, and between the two Alu sequences in case L1686. No Alu or other repetitive sequences were found within 250 bp upstream of downstream to the break in the ERG intron involved in the AML case ( Figure 3 ). In all 4 MLS, identical oligomers were found in both partner genes at the junction and/or in its close vicinity (Figure 4 ). These oligomers frequently contained a trinucleotide TGG. For example, in case 1955 ± 91 a hexamer ATGGTG at the junction was common for both the FUS and CHOP genes ( Figure 4 ). An octamer TGGGAGAC and a trinucleotide TGG were also found close to the breakpoint in both genes. In case 2010 ± 90, two pentamers ATGGT and TGGAA were near the junction in both genes. Actually, the breakpoint in the FUS gene occurred in the same ATGGTG hexamer in cases 2010 ± 90 and 1955 ± 91 (Figue 4b, c) . At the junction point of 2010 ± 90, two extra nucleotides, TC, of unknown origin were inserted between the FUS and CHOP sequences. The break in the FUS gene had occurred 57 nuclotides downstream to a TG-dinuclotide repeat region, about 40 bp downstream to the AML breakpoint. In case 402 ± 91 two hexamers TGGGAG and TAAGTG, and a pentamer GTAAA were close to the junction, at which three additional nucleotides CTC of unknown origin were inserted. A sequence motif identical to the chi element GCTGGTGG and a chi-like motif, with only one base substitution, TCTGGTGG, were found 28 and 10 nucleotides downstream and upstream to the breakpoint in intron 7 of FUS. In case L1686, the TLS737F-TLS918R  CHOP31F-CHOP176R  TLS737F-CHOP176R  TLS737F-CHOP176R  TLS737F-CHOP176R  TLS737F-ERG837R  EWS685F-CHOP176R   TLS816F-TLS844R  CHOP53F-CHOP105R  TLS816F-CHOP105R  TLS816F-CHOP105R  TLS816F-CHOP105R  TLS816F- ERG837R  ERG810R  EWS685F  EWS223F  TLS737F  TLS816F  TLS918R  TLS844R  CHOP31F  CHOP53F  CHOP105R CHOP176R , 1989; Kagan, 1993; Showe and Croce, 1987) , the participating protooncogene did not always contain such motifs (Adachi and Tsujimoto, 1990; Boehm and Rabbitts, 1989; Kasai et al., 1992) . A 45 Kd protein was reported to bind a homopurinehomopyrimidine present in the major breakpoint region of the BCL2 and in the IgH locus (Jaeger et al., 1993) , suggesting a recombination mechanism distinct from that of the IG rearrangement.
In solid tumors and in myeloid leukemias the IG/ TCR recombination system is not active and other mecahnisms and possible signal sequence motifs have been proposed. Alu interspersed sequence elements have been found close to or at the breakpoints in Philadelphia (Ph) chromosome positive chronic myeloid leukemia and acute lymphoblastic leukemia and may be involved in homologous or non-homologous recombinations leading to the formation of the Ph chromosome (de Klein et al., 1986; Papadopoulos et al., 1990 ) (Krowczynska et al., 1990) . Finally, topoisomerase II may be involved. The enzyme, which catalyzes both strand break and ligation reactions that are necessary events for translocations, was shown to mediate illegitimate recombination in vitro (Bae et al., 1988) and consensus topoisomerase II cleavage sites have been found close to the breakpoints in some leukemias (Domer et al., 1995; Dong et al., 1993; Felix et al., 1995) .
. An octamer (GC[A/T]GG[A/T]GG) similar to the chi (GCTGGTGG) bacterial recombination
In the present study, Alu sequences were found close to the breakpoints in intron 1 of the CHOP. In case L1686 with the EWS/CHOP hybrid gene the break in intron 7 of EWS was close to an Alu sequence, 64 nucleotides upstream from a previously reported breakpoint in a case of Ewing sarcoma (Bhagirath et al., 1995) . Although homologous recombination between Alu sequences were not observed, the involvement of these sequences in the genesis of chromosomal translocations cannot be rules out.
Topoisomerase II might be implicated in the formation of the chromosomal translocations in the AML, and the 1955 ± 91 and 2010 ± 90 MLS cases. Their breakpoints in intron 7 of FUS had occurred near alternating purine-pyrimidine sequences (TG dinucleotide repeat region) which show high homology to the consensus sequence of topoisomerase II and have been reported to be target sites for topoisomerase II (Spitzner et al., 1989) .
The most intriguing ®nding was that the two MLS cases 1955 ± 91 and 2010 ± 90 had breakpoints in the FUS gene in the same ATGGTG hexamer. This hexamer shows homology with the chi element GCTGGTGG. In the AML case the break occurred 40 bp upstream from the hexamer. Sequences similar to chi and chi-like elements were found to¯ank the breakpoint also in case 402 ± 91. A speci®c mechanism involving these sequence motifs may play a role in the origin of translocations and the subsequent generation of hybrid genes. A sequence with some similarities of the consensus binding site for TRANSLIN, a protein involved in recombination and translocations (Aoki et al., 1995) , was found at the FUS intron 7 breakpoints of cases 1955 ± 91 and 2010 ± 90. It is thus possible that a TRANSLIN mediated mechanism was involved in the translocations of these cases.
All the junction sites were¯anked by small oligomers (pentamers, hexamers, etc), which might serve as speci®c recognition sites for DNA-binding proteins and be functionally important in the recombinations between chromosomes. It is worthy to mention that in the three MLS with FUS/CHOP hybrid genes a consensus TGG trinucleotide was present at the junction site in both genes. The breakpoints could not be precisely determined in three cases (the AML, and MLS cases L1686 and 1955 ± 91) as a result of 1, 2 and 6, respectively, nucleotide matches between the contributing germline sequences. Similar ®ndings were previously reported from the breakpoints of the human hybrid genes TPR/ MET, RET/PTC, PML/RARA and ESW/FLI1 (Bhagirath et al., 1995; Dean et al., 1987; Smanik et al., 1995; Yoshida et al., 1995) . Whether or not this feature is signi®cant for somatic recombinations is unknown.
In MLS cases 2010 ± 90 and 402 ± 91, two and three extra nucleotides, respectively, of unknown origin were inserted between the FUS and CHOP sequences. Interestingly, identical TC dinucleotides were present at the junction in both cases. The presence of a TC dinucleotide might be a random event or it might be the result of recombination between FUS and CHOP sequences. The dinucleotides may also be a binding site for a protein or alternatively a bridge stabilizing the fusion of the two genes. Nevertheless, the presence of extra nucleotides inserted between FUS and CHOP sequences suggests that the formation of a hybrid FUS/ CHOP gene is not a simple strand break and ligation event. Similar insertion of extra nucleotides has previously been reported for PML/RARA in acute promyelocytic leukemia (Yoshida et al., 1995) .
In conclusion, our data show that the four genes FUS, EWS, CHOP and ERG involved in neoplasiaassociated translocations contain speci®c sequence motifs at the breakpoint regions which may be prone to somatic recombination. Dierent motifs may, however, play a role in each individual case.
Materials and methods

Tumor material and DNA isolation
The MLS cases with a t(12;16) and FUS/CHOP hybrid genes, cell lines 1955 ± 91 and 402 ± 91 and tumor sample 2010 ± 90, have been previously described (Crozat et al., 1993; Rabbitts et al., 1993; A Ê man et al., 1992) . Their breakpoints mapped to zone 1 of FUS and intron 1 of CHOP (Panagopoulos et al., 1994a (Panagopoulos et al., , 1995 . In MLS case L1686 with a t (12;22;20) and an EWS/CHOP hybrid gene. the breaks had occurred in intron 7 of EWS and intron 1 of CHOP (Panagopoulos et al., 1996) . The AML with t(16;21) resulting in the formation of FUS/ERG and ERG/ FUS hybrid genes was described (Panagopoulos et al., 1994b) . The breaks had occurred in zone 1 of FUS and in the intron preceeding the exon encoding the ETS-binding domain in ERG (Panagopoulos et al., 1995) .
The l genomic clone lFUS18 (a generous gift from Dr TH Rabbitts), containing the major part of the FUS gene, was used for the sequence analysis of FUS intron 7. The lFUS18 clone was isolated by screening a genomic library, l2001 (LeFranc et al., 1986) , with FUS cDNA as probe. DNA from healthy individuals was used for the generation and characterization of the ®rst intron of the CHOP gene. The B7.3 ERG probe (a generous gift from Dr Y Kaneko) was partially sequenced. The probe is a 7.3 kbp ERG genomic fragment containing the intron of ERG where the breakpoints in AML with t(16;21) had occurred (Panagopoulos et al., 1994b; Shimizu et al., 1993) .
DNA was extracted, using standard methods (Sambrook et al., 1989) , from frozen tumor tissues, cell lines, bone marrow cells of the AML patient, the lFUS18 clone and peripheral blood lymphocytes of healthy individuals.
Primers
The primers used for PCR analysis are presented in Table  1 . All primers were based on the full length cDNA sequences of CHOP (Park et al., 1992) , ERG (Reddy et al., 1987) , EWS (Delattre et al., 1992) and FUS (Crozat et al., 1993) .
PCR and sequence analysis
Nested PCR was carried out for the ampli®cation of CHOP and FUS introns, and EWS/CHOP, FUS/ERG and FUS/CHOP hybrid genomic DNA fragments as described earlier (Panagopoulos et al., 1995 (Panagopoulos et al., , 1996 . The PCR was performed using 0.5 ± 1.0 mg of genomic DNA as template in 100 mL of 30 mM tricine pH 8.4, 2 mM MgCl 2 , 0.2 mM of each dNTP, 1 unit AmpliTaq polymerase (Perkin-Elmer) and 0.5 mM of each of the forward and reverse primers. Two mL of the ®rst PCR products were ampli®ed in a second 100 mL PCR with the same composition as in the ®rst PCR, except that the nested primers were used. After an initial denaturation at 968C for 5 min, 30 cycles of 1 min at 958C, 1 min at 548C and 3 min at 748C were run using an Omnigene ThermoCycler (Hybaid), followed by a ®nal extension for 10 min at 748C.
Ten mL of the PCR products from the MLS and AML were analysed by electrophoresis through 0.8% agarose gels, stained with ethidium bromide. The PCR products were size fractionated by electrophoresis through a 0.8% low melting point agarose gel and puri®ed from the gel with Magic PCR Preps DNA Puri®cation System (Promega). The puri®ed fragments were either sequenced directly or cloned into pCRScript SK(+) vector (Stratagene) and sequenced using the dideoxy procedure with Taq DyeDeoxy terminator cycle sequencing kit (Applied Biosystems) on the Applied Biosystems Model 373A DNA sequencing system. DNA sequence analysis was performed using the Wisconsin package of DNA analysis programs and identi®cation of repetitive DNA elements with Pythia version 2.5 (Jurka and Milosavljevic, 1991) .
